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Abstract A wide range of functions are currently available for simulating the calving of marine-terminating
glaciers, but there is no consensus on the best approach to represent the calving process in glacier and ice-sheet
models. Current assessments of calving functions are often crudely done by fitting functions to observed
changes in terminus positions, neglecting the physical processes that drive changes in calving dynamics. Here,
we use 3D simulations of synthetic tidewater glacier domains in Elmer/Ice, to determine whether natural
behaviors emerge from the crevasse-depth and von Mises calving functions, and to provide a basis for more
robust assessments of the potential capabilities of calving functions. The crevasse-depth calving function is
shown to be able to simulate both serac and full-thickness calving events and simulates how their relative
proportion is altered by changing the ice freeboard or submarine melting. A clear distinction between rate- and
position-based calving is shown, with the von Mises calving function unable to respond to imposed changes in
topography or freeboard ice. By comparing the two calving functions, it is apparent that the position-based
crevasse-depth function more faithfully represents the calving behaviors observed in the natural world.
Consequently, future projections should be made using position-based calving functions. Using a position
function, calving rates vary with time and glacier state, so cannot be assumed to be a constant function of stress.
In essence, a calving function must be able to capture the key physical processes that drive calving. If so, the
transitions in calving dynamics will inherently emerge.

Plain Language Summary Calving, the breakoff of iceberg from glaciers flowing into the sea,
creates one of the largest uncertainties in future ice-sheet predictions. Glacier models use parameterizations
known as calving functions to predict calving processes. Most calving functions used in ice-sheet models are
“rate functions” where calving is applied as an ablation rate. These require case-by-case tuning to simulate
changing glacier dynamics. Alternatively, calving can be predicted using a “position-based function” where a
new location of the glacier terminus is predicted. We conduct a series of experiments using a state-of-the-art 3D
model on synthetic domains representing Greenlandic tidewater glaciers to show how both steady state and
transient glacier behavior emerge spontaneously from a position-based calving function, and that calving rates
are strongly dependent on both the ice flux and the dynamic state of the glacier. Furthermore we extend these
tests using a popular rate-based function which fails to detect changes in calving dynamics. Current rate-based
calving functions cannot form the basis of reliable predictions, and we propose three standards to assess the
validity of a given calving function.

1. Introduction

Calving remains one of the largest sources of uncertainty in future sea level rise projections through ice discharge
and iceberg calving from the Greenland and Antarctic ice sheets (IPCC, 2023). Despite recent advances in un-
derstanding the relationship between ice dynamics and calving processes (Benn & Astrom, 2018), there remains
no reliable general “calving law” for use in the continuum models used to predict future evolution of ice sheets.
The complexity of tidewater glacier systems makes disentangling the controls on calving such as local topography
(Benn et al., 2023; Todd et al., 2018), submarine melting (O’Leary & Christoffersen, 2013) or the presence of a
proglacial ice mélange (Cassotto et al., 2021) difficult. However, it remains imperative that the influence of these
processes is synthesized into a generic parameterization of calving for long-term projections.

Despite the complexity of calving events, emergent patterns can be recognised at a range of scales that can be used
to test predictions of calving models. First, calving styles can be classified into smaller serac calving events -
formed from the fracture or collapse of the ice cliff—and larger full-thickness calving events produced from
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fracture through the entire ice column (e.g., Bézu & Bartholomaus, 2024; Goliber & Catania, 2024). Serac calving
is typically a consequence of melt undercutting or flow deformation leading to an unstable overhang, while full-
thickness calving events are a result of stress patterns at the ice-tongue scale leading to the release of large
icebergs from glaciers or ice shelves. Second, collectively, calving events are observed to have distinctive size
distributions (Benn et al., 2026) that conform with fracture theory (Astrém et al., 2021; Equation B1). Serac
calving events have power-law distributions consistent with self-organizing criticality (Astrém et al., 2013; Vallot
et al., 2019), while full-thickness events follow exponential distributions reflecting underlying probabilities of
calving (/&strdm et al., 2021; Benn et al., 2026). Third, tidewater glaciers and ice shelves commonly stabilize at
locations where lateral and/or basal drag are high (pinning points), and long-term change can be characterized as
periods of relative stasis interspersed with episodes of rapid transition (Benn et al., 2023, 2026; Fried et al., 2018;
Wheel, Crawford, & Benn, 2024).

There are a wide range of calving models from detailed discrete element models that simulate the realistic patterns
of fracture from first principles to continuum models where the ice is represented as continuous medium (Astrém
et al., 2013; Bondzio et al., 2016). Between these two extremes, there is a host of hybrid methods that explore
crevasse propagation or damage evolution (e.g., Duddu et al., 2020; Huth et al., 2021; Mercenier et al., 2019; Sun
etal., 2017; Wolper et al., 2021; Zarrinderakht et al., 2024). The continuum models used to predict long-term ice-
sheet evolution cannot explicitly model fracture and instead employ a simple calving function, often referred to as
a “calving law,” to specify the location of the calving front.

Calving functions can be subdivided into two categories: (a) rate-based functions that determine the speed at
which ice is removed, which are applied as an ice-loss flux, and (b) position-based functions that determine the
location beyond which ice is lost based on the principle that fracture occurs at areas of high stress. Rate-based
functions are widely implemented in ice-sheet models as they provide simple, compact functions that are
easily adjustable to produce uncomplicated terminus geometries (e.g., Choi et al., 2018; Wilner et al., 2023).
Current examples include the von Mises (VM) calving function (Morlighem et al., 2016); eigencalving (Lev-
ermann et al., 2012) or prescribed retreat rates based on observations. Position-based functions include the
crevasse-depth (CD) (Benn et al., 2007; Nick et al., 2010) and height above buoyancy functions (Vieli
et al., 2001), but to date have not been widely implemented in ice-sheet models. However, despite the additional
challenges involved in their implementation, increasing evidence suggests that position-based calving functions
more faithfully reflect the way that full-depth calving actually works (e.g., Benn et al., 2023; Todd et al., 2018;
Wheel, Crawford, & Benn, 2024). Damage-based modeling adds further agreement that calving is best replicated
using fracture locations as parameterized by position-based functions rather than an ice-flux loss as is imple-
mented by rate-based functions (Huth et al., 2023; Ranganathan et al., 2025). That is, calving occurs at a particular
location due to local stress regimes, and the velocity only influences how fast ice reaches this location rather than
being directly related to the calving dynamics (Benn et al., 2023; Crawford et al., 2024).

Despite the important debate about calving functions for ice-sheet models, the ways that they represent calving
dynamics are rarely considered. Usually, calving-function evaluation involves the imprecise manual adjustment
of the calving parameterization to fit observed terminus position change at a given location (e.g., Choi et al., 2018;
Wheel, Crawford, & Benn, 2024), which we refer to as "tuning’. To move the calving function debate forward we
directly compare popular rate- and position-based calving functions. We show that the capabilities of calving
functions can extend far beyond simple matching of observed rates of change, and can include the three emergent
behaviors identified above: calving styles, calving size distributions, and ice-front stabilization and transition.
Together, these behaviors provide a more robust framework to assess calving functions.

2. Methods

The open-source 3D Stokes finite element model Elmer/Ice (Gagliardini et al., 2013) is used for all experiments.
Elmer/Ice is capable of solving a multitude of glaciological problems including the grounding contact problem
(Favier et al., 2012) and ice temperature evolution (Gagliardini et al., 2013). We use the calving algorithm
presented in Wheel, Benn, et al. (2024) to implement calving. The model presented in Wheel, Benn, et al. (2024)
uses the CD calving function to predict the location of calving events based on computed tensile principal stress
(Benn et al., 2007; Nick et al., 2010; Todd et al., 2018). The “crevasse” envelope is represented as

Opsurf = Ol (1)
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Op,basal = O1 + Pwy (2)

where o, is the largest principal stress and P, is the water pressure at basal crevasses and is calculated following
Todd et al. (2018). In the Wheel, Benn, et al. (2024) model, calving occurs down the vertical plane, but the
terminus of the glacier is free to evolve in any direction due to glacier flow or melting. Thus, calving events less
than the terminus thickness can be produced for overhanging and undercut calving faces or those with a buoyant
foot. For these scenarios, calving down the vertical plane can intersect the calving face, thereby producing small
or serac events. Additionally, we implement the rate-based von Mises calving function first presented by Mor-
lighem et al. (2016) for a 2D model as

3)

where c is the calving rate, v is terminus velocity vector, ¢ is the von Mises stress and o, is the tensile stress
threshold. In the Elmer/Ice implementation, the von Mises stress on the calving face, 6, is calculated directly from
the full Cauchy stress tensor as the glacier dynamics are solved in 3D. Trials were run using a fully 3D imple-
mentation where ¢ is a 2D field across the calving face as the Wheel, Benn, et al. (2024) algorithm can accept
complex 3D calving predictions. However, it became clear because the VM calving function was originally
conceived as a 2D function, it could not replicate serac calving events. The increased overhanging led to element
degeneracy over time. Therefore, we use a vertically integrated mean value of v and & to prevent distortion of the
terminus.

The complete domain setup (Figure 1) with the associated boundary conditions is outlined in Appendix A. The
domain represents a typical tidewater glacier flowing on a prograde slope with narrowing fjord margins
(Figure 1). Two basal rises with a width of 550 m and a maximum height of 100 m are present near the terminus. A
central plume with a maximum melt of 500 m a~! is prescribed, with low background melt across the remaining
submerged terminus. The mesh resolution is maintained at 50 m vertically and horizontally at the terminus to
produce a high resolution result. A synthetic geometry is used for several key reasons: (a) a simple domain can be
easily manipulated geometrically or through the boundary conditions to highlight key drivers of calving; (b) real
world 3D domains such as those at Store Glacier (Sermeq Kujalleq) (Todd et al., 2018) and Jakobshavn Isbrae
(Sermeq Kujalleq) (Wheel, Crawford, & Benn, 2024) produce very complex dynamics which require interpre-
tation as opposed to simple, unambiguous synthetic domains; and (c) the central aim of this study is to highlight
what calving processes can be captured by continuum calving functions. This is best done when calving functions
are not tuned to match observations and rather the tuning becomes an arbitrary factor. To provide a comparison
between rate- and position-based calving functions, control experiments are run with both the VM and CD
functions. For the CD function the crevasse penetration threshold for calving is set to 92.5% and for the VM
function o,,,, is set to 300 kPa with both of these parameters matching simulations at real world glaciers
(e.g., Choi et al., 2018; Wheel, Crawford, & Benn, 2024; Wilner et al., 2023). The final terminus position of both
control experiments was very similar (Figure 2).

To assess the performance of the both the rate-based VM function and position-based CD function, we alter either
the physical characteristics of the domain or the boundary conditions applied. We run two sets of experiments:
those with a defined initial geometry (referred to as stability experiments) and those with a relaxed domain
(referred to as relaxed experiments). The stability experiments are run for 100 days. In the first round of ex-
periments the ice freeboard of the starting domain is altered. The ice freeboard at the terminus is set to 50 m in the
control and further experiments were conducted with 40, 45, 55, and 60 m ice freeboards where the ice freeboard
is Sy in Equation A7. The gradient of the ice surface remained constant. Next, experiments were conducted by
altering the inflow velocity that was set to 1,000 m a~' for the control. Simulations were run with inflow velocities
of 500 m a~!, 750 m a~!, 1,500 m a~!, 2,000 m a~!. Two rounds of experiments were conducted using either
altered fjord or basal geometry. The setup fjord geometry was altered by moving the straightening of the fjord
walls further upstream. The basal geometry of each experimental setup was altered by moving the two basal rises
present near the terminus further upstream. For each the geometric feature (the fjord walls or the basal rises) was
moved 250, 500, 750, and 1,000 m upstream (Figure le). The penultimate set of experiments added a mélange
back pressure to the top 100 m of the terminus below the waterline. The mélange was present between days 10 and
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Figure 1. The synthetic geometry setup. (a) Topdown view of the mesh at the end of the 100 day control experiment.
Horizontal mesh element size is 50 m at the terminus and increases to 500 m further upstream. The velocity field is displayed.
(b) Front view of the same mesh displaying the horizontal and vertical mesh element size of 50 m. The submarine melt is
displayed showing the meltwater plume in the center. (c) Topdown view of the base boundary elements displaying the initial
grounding zone. Values of 1 indicate grounded elements and values of —1 indicate ungrounded elements. (d) The bed
geometry displaying the basal rises - outlined by the dotted line - and the lateral margins - shown by the solid black lines.
(e) The control and end members of the domain for the geometric experiments. The solid black lines show the fjord walls.
The dotted black lines showing the end member where the fjord wall straightening has been moved 1,000 m upstream. The
two gray dashed circles indicate the control position of the extent of the basal rises. The gray dotted circles show the end
member where the basal rises have been moved 1,000 m upstream. The arrows indicate the movement of the geometric
features upstream.

80 and experiments were run with contact pressures of 72, 144, 216, and 288 kPa. For the final set of experiments
the submarine melt from central plume was extended across the whole width of the glacier terminus. In the control
the plume was only 500 m wide with a maximum melt of 500 m a~!. The plume profiles were then normalized

against maximum melt rates of 250 m a~!, 375 m a~!, 500 m a~!, 750 m a~', and 1,000 m a~!. No melt

—— Day1 —— Day 20 —— Day 40 —— Day 60 Day 80 Day 100
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Figure 2. Terminus positions through time for the control experiments with (a) the crevasse-depth (CD) and (b) the von Mises
(VM) calving functions. The black lines indicate the fjord walls which act as the lateral constraints to the glacier. The gray
dashed lines outline the basal rises. The full bed geometry is provided in Appendix A.
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undercutting experiments were performed using the VM function since it relied on vertically integrated mean
terminus values so melt is constant with respect to the z-coordinate.

The relaxed experiments use the same initial setup but with the addition of 5 year transient relaxation of surface
and base free surfaces. The relaxed domain is used as the starting point for a series of 5-year experiments. The first
set has an annual mélange backstress with a contact pressure of 144 kPa applied between days 120-240 of each
year. The second set had a varying inflow velocity reaching a peak at 1,500 m a~! at the start of each year and a
minimum of 500 m a~! at the midpoint of each year. For the final set of experiments, these inflow conditions are
repeated but the initial geometry is altered by moving the basal rises upstream 250 m prior to the relaxation. For
the relaxation experiments, the crevasse penetration threshold in the CD function is set to 82.5% (as used in Benn
et al., 2026). For the VM function, o, is set to 650 kPa, which is well within the values used at real glaciers
(e.g., Choi et al., 2018; Wilner et al., 2023). Using the full stress tensor, more shear is modeled in the margins
causing the VM function to remove the glacier shear margins in the first year of a simulation. We therefore limit &
to 650 kPa.

3. Results
3.1. Control

In the control experiment using the CD function the glacier underwent immediate rapid retreat before stabilizing
and advancing on basal rises present for the remainder of the simulation whereas the VM control experiments
retreated in a linear manner (Figure 2). Consequently for the CD control, the largest daily calving volume was
within the first few days (Figure 3c) before reducing as the terminus stabilized. After 40 days, the daily calving
volume began to fluctuate between almost no calving and a daily calving volume of 4 X 10° m3. These changes
are further illustrated using the cumulative calving volume, where the gradient of volume change is the volumetric
calving rate (Figure 3d). Three periods of consistent calving rates can be seen (Figure 3d). The first, very high
calving rate, occurred immediately during the rapid transition to a stable position. The second occurred as the
glacier stabilized on the pinned location. Once the glacier front has become stable, the final calving rate relates
directly to the velocity, or the rate at which ice is delivered to the stable position. The calving volume for the
control experiment using the VM calving function increased slightly through time (Figure 3c) producing a near
linear increase in the total calving volume (Figure 3d). As the calving rate was near uniform a very narrow range
of calving event sizes were produced (Figure 3a).

Calving size distributions from the CD function showed similarities to those proposed using fracture theory by
Astrom et al. (2021) (Figure 3a; Appendix B). The modeled calving size distributions reflect calving from a wide
range of calving styles with smaller events (<10 m?) from serac style calving and larger events (>10°> m?) from
full-thickness calving. Very large events (>10% m?) were produced at the start of the simulation while the glacier
was retreating rapidly to a stable position. The VM function produced a very narrow distribution with icebergs

sizes between 10° m? and 10% m?.

3.2. Ice Freeboard

When using the CD function, reducing the ice freeboard increased the retreat of the glacier by producing more
calving: predominantly full-thickness buoyant calving (Figure 4). Apart from the case with the smallest ice
freeboard, all the simulations remained pinned on the basal rises. For the simulation with the lowest ice freeboard,
the glacier retreated further upstream than the basal rises. All the simulations showed a similar pattern of the total
calving volume through time to the control experiment, with a rapid initial increase in volume (high calving rate)
before stabilizing and increasing linearly once the terminus had stabilized, with a calving rate determined by the
inflow velocity.

The calving size distributions showed several distinct changes as the ice freeboard of the glacier setup was altered
(Figure 4b). First, the experiment with the smallest ice freeboard showed a large increase in both larger and very
large events from full-thickness calving (Figure 4c). Conversely, the experiment with increased ice above the
waterline had more calving events around 10° m? in volume, associated with an increase in serac calving events.
Very small calving size distributions were similar for all the simulations.
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Figure 3. The calving output from the control experiments for both the crevasse depth (CD) and von Mises (VM) calving
functions. (a) The calving size frequency distributions with the solid red line showing the theoretical fracture distribution
from Astrom et al. (2021) with values of 1.2 (a), 800 (c;), 2.5 X 1076 (c,), 106 (S,), 107 (S,) in Equation B1. (b) Total
calving volume for each calving size distribution. The dashed lines indicate the divide between small events from serac calving
(<10° m?), larger events (>10°> m?) and very large events (>10® m?) from full-thickness calving. (c) The daily calving volume
through time. The first day is not displayed as it would dominate the plot. (d) Total calving volume for the control simulations
through time. The gradient of the line is the equivalent to the calving rate. The black dotted line represents the estimated inflow
volume.

Conversely, the VM function showed limited changes against the control with alterations in ice freeboard
(Figure 4b). Increased ice freeboard, in contrast to the CD function, led to fractionally more calving as higher ice
cliffs slightly raised 6 (Figure 4d).

3.3. Inflow Velocity

When using the CD function, experiments run using a modified inflow velocity boundary condition all stabilized
at the same location on the basal rises (Figure 5a). Differences were seen in the central portion of the glacier
between the basal rises where the melt water plume was applied. Here, faster flowing glaciers advanced further as
the submarine melt to velocity ratio decreased. Additionally, as the location of the advance lies between the basal
rises, it is not pinned by the basal topography.

Increased velocity led to an increase in larger calving events (Figure 5¢) while the number of smaller calving
events remained constant between simulations. Regardless of velocity, there was a period of rapid adjustment as
the glacier stabilized on the pinned location (Figure 5d). Greater velocities produced higher calving volumes but
the pattern of the adjustment period of the glacier, and so the initial calving rate, was identical. Once the terminus
was stable after 40 days the total calving volumes increased near linearly with a slight acceleration through time.
The stable calving rate, defined as the gradient of the linear increase, was directly proportional to the inflow
velocity condition applied, with higher velocities producing a steeper increase in total calving volume.
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Figure 4. Terminus positions and calving outputs for the ice freeboard simulations for both the crevasse depth (CD) and Von
Mises (VM) calving functions. (a) Terminus positions after the 100 day simulations using the CD function. (b) Terminus
positions after the 100 day simulations using the VM function. The legend denotes the ice freeboard present at the terminus for
each setup for all panels. (c) Total calving volumes for each size distribution using the CD function. The dashed lines indicate
the divide between small events from serac calving (<10° m3), larger events (>10° m?) and very large events (>10% m®) from
full-thickness calving. (d) Total calving volume through time using the CD (solid lines) and VM (dashed lines) calving
functions. The dotted line (IV) is the estimated inflow volume.

Unlike the CD function, terminus positions in experiments using the VM were highly dependent on the glacier
velocity with increasing velocity producing a higher calving rate (Figure 5b). Simulations also showed a velocity
dependency feedback where increased velocity, increased retreat and so led to an increased velocity and retreat
rate (Figure 5d).

3.4. Geometry

The lateral and basal geometries were altered independently to test their influence on calving. For the CD
function, upglacier shifting of the straightening of the lateral margins caused the terminus position to corre-
spondingly migrate further upstream (Figure 6a). Likewise, the shifting of the basal rises further upstream
resulted in the terminus moving upstream (Figure 7a). For both series of experiments the relocation of the ter-
minus further upstream occurred rapidly near the start of each experiment. Large full-thickness calving events
were produced, with the majority of total calving volume produced during this transition (Figures 6 and 7d). The
magnitude of the total calving volume was proportional to the distance upstream that the pinning locations and
stable terminus had been moved. Initial calving rates were associated with the distance upstream the terminus had
to retreat before stabilizing. Following the rapid transition to the stable position, the glacier remains stable and the
calving volume increases linearly, and the gradient of the linear slope (i.e., the volumetric calving rate) is identical
for all simulations. The one exception is the 1,000 m lateral geometry simulation where a higher calving rate was
present at the end of the experiment. Here, the glacier continues to retreat after the transition period as it becomes
unpinned from the basal rises.

Higher numbers of full-thickness calving events are seen as the stable position is moved further upstream
(Figures 6 and 7c). These are produced as the glacier transitions to a stable position. Calving size distributions of
smaller events remain roughly equivalent between the geometric simulations.
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Figure 5. Terminus positions and calving outputs for the velocity simulations using the crevasse depth (CD) and von Mises
(VM) calving functions. Terminus positions after the 100 day simulations using the (a) CD and (b) VM calving functions.
(c) Total calving volumes for each size distribution using the CD function. The dashed lines indicate the divide between small
events from serac calving (<10° m?), larger events (>10° m?) and very large events (>10% m?) from full-thickness calving.
(d) Total calving volume through time using the CD (solid lines) and VM (dashed lines) calving function. The dotted lines (IV)
are the estimated inflow volume.

The same experiments run using the VM function showed no dependency on either the lateral (Figure 6b) or bed
topography (Figure 7b). The slight differences in calving volumes seen when the basal rises are moved upstream
is a consequence of minor increases in the terminus velocity in the absence of pinning points rather than a direct
response to geometric change (Figure 7d). Similarly, when the fjord is straightened further upstream, the
reduction in terminus width decreases the calving volume slightly, despite the parallel margins producing less
buttressing to the terminus.

3.5. Mélange

When using the CD function, the final terminus position of the simulations was independent of the seasonal
mélange back stress applied between days 10 and 80 (Figure 8). The final position remains similar to that of the
control when no mélange was present. However, when the mélange backstress was present the calving rate was
reduced (Figure 8d). Stronger mélange backstress produced less calving while present, allowing the terminus to
move further down-fjord. Irrespective of the prescribed mélange backstress, once removed the terminus rapidly
retreats to the stable position occupied by the control. After mélange removal, a higher calving rate produced a
rapid increase in calving volume, trending toward that of the control. The calving size distributions showed a
clear pattern when mélange backstress was increased. Smaller serac events (<10° m*) and smaller full-thickness
events (10°-10% m?®) reduced with an increase in mélange backstress. Conversely, larger full-thickness events
(107108 m?) increased in the period after the removal of a strong mélange. Very large events (>10% m?) were
unchanged between the simulations.

The VM function showed a modest decrease in calving rate when a mélange backstress was applied but there was
no increase in calving following the removal of the mélange (Figure 7). Calving rates remained near constant
throughout the simulation. Although the calving volumes by the end of the CD and VM experiments are roughly
equivalent, the calving rates through time are entirely different. The CD function shows a reduction when the
mélange is present, while for the VM experiments the calving rates are near constant.
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Figure 6. Terminus positions and calving outputs for the altered lateral geometry simulations using the crevasse depth (CD)
and von Mises (VM) calving functions. Terminus positions after the 100 day simulations for (a) CD and (b) VM calving
functions. The two end members of the simulations are shown with the control lateral margins shown by the solid black line
and the lateral margins moved 1,000 m upstream shown by the dotted black line. (c) Total calving volumes for each size
distribution using the CD function. The dashed lines indicate the divide between small events from serac calving (<10° m?),
larger events (>10° m?) and very large events (>10% m?) from full-thickness calving. (d) Total calving volume through time for
CD (solid lines) and VM (dashed lines) calving functions. The dotted line (IV) is the estimated inflow volume.

3.6. Melt Undercutting

Only the CD function could be tested for the influence on melt undercutting since the VM function relied on
vertically integrated values. Increases in terminus-wide submarine melting led to a small incremental retreat of the
final terminus position (Figure 9a), although in all simulations the front remains pinned by the basal rises. Serac
calving events (<10° m?) increased with increased melt undercutting (Figure 9b). However, there was a reduction
in full-thickness calving events (10°-107 m?), resulting in the total calving volume showing no clear pattern with
increased melt (Figure 9c).

3.7. Relaxation Experiments

Using the CD function, the terminus rapidly retreated to a stable position, roughly equivalent to where the center
of the basal rises was located (Figure 10a). When the annual mélange backstress was applied the terminus
advanced before retreating to its original position once the backstress was removed. The annual cycle showed a
similar pattern each year. Conversely, the VM function did not display a seasonal cycle or a stable location
(Figure 10a). The glacier initially advances as the terminus wants to form a convex shape (the center is more
advanced compared the margins) before slowly retreating. When a seasonal inflow variation was applied a similar
pattern was observed with limited seasonal changes (Figure 10b). For the same experiment the CD function
oscillated around its stable position. For the domain where basal rises had been moved upstream the stable point of
the CD function moved further upstream and then oscillated around this position (Figure 10c). When the basal
rises had been moved, the VM function showed similar pattern as the VM experiment with no shift in the bedrock.
However, it retreated slightly more and showed a slight seasonal pattern with more retreat when the inflow
velocity was higher (Figure 10c).
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(d) Total calving volume through time for CD (solid lines) and VM (dashed lines) calving functions. The dotted line (IV) is the
estimated inflow volume.
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(c) Total calving volumes for each size distribution using the CD function. The dashed lines indicate the divide between serac
(<10° m?), larger events (>10° m?) and very large events (>10% m®) from full-thickness calving. (d) Total calving volume
through time using the CD (solid lines) and VM (dashed lines) calving functions. The dotted line (IV) is the estimated inflow
volume. The gray box from 10d to 80d represents the time period the mélange backstress was applied.
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4. Discussion
4.1. Calving Rates Through Time

The calving rate, defined here as the rate of the increase of the cumulative
calving volume, varied throughout the simulations, depending on the transient
state of the glacier when using the CD function, whereas when using the VM
function calving rates were near constant (e.g., Figure 3). Using the CD
function, the initial unstable geometries produced high calving rates that
increased with the distance of the glacier from its stable position (Figure 5).
As the terminus stabilized, the calving rate decreased, and once the terminus
had stabilized the calving rate was directly proportional to the terminus
velocity.

4.2. Shifts in Calving Style
4.2.1. CD Function

The CD function produced both serac and full-thickness calving events, with
emergent calving size distributions closely following those identified by
Astrom et al. (2021): a power law for serac style calving and an exponential
distribution for full-thickness calving (Figure 3a; see Equation B1). It is likely
that a longer simulation with a seasonal signal would be required to exactly
replicate the exact Astrom et al. (2021) distributions.

In the stability experiments, by altering the ice freeboard of the glacier setup,
we changed the dynamics of the glacier and so altered the dominant calving
processes. A smaller ice freeboard favored larger full-thickness calving
events although smaller serac events were still occurring (Figure 4). Without
changing the calibration of the CD function, changes in glacier dynamics are
represented in the simulated calving styles. Similarly, increased melt under-
cutting produced more serac calving events without altering full-thickness
calving (Figure 9).

4.2.2. VM Function

The VM function produced a very limited calving distribution, because it is
the nature of a rate-based function to remove small slices from the terminus at
each timestep (e.g., Figure 3a). However, given the integrated approach and
its original conception for 2D ice-sheet modeling it should be not be expected
to display a full range of calving styles including serac calving. Instead, it
should be able to detect changes in the glacier dynamics and alter the calving
rate accordingly. Concerningly, our experiments show no response to change
in lateral or basal topography despite it being widely accepted that local
geometry suppress or exacerbate calving through lateral or basal pinning
(e.g., Alley et al., 2023; Benn et al., 2023; Todd et al., 2018; Wheel, Benn,
et al., 2024). Similarly, unlike the CD function, the VM displays no distinct
response to mélange backstress (Figure 8). Finally, the VM function shows no
sensitivity to ice freeboard, regardless of how this should increase buoyant
full-thickness calving (Figure 4).

Rather, when using the VM function, calving rates only respond directly to
changes in terminus velocity. This relationship can be broken down into two
possible responses. First, calving applied as a rate is inherently correlated to

velocity as it is a term within the calving function. Second and separately, the VM function shows an increasing

velocity-calving rate feedback loop (Figure 5). Here, as the terminus velocity increases, the associated 6 increases

faster producing higher calving rates. As the terminus retreats, the glacier accelerates further increasing &, and
producing the VM velocity-calving rate feedback loop. This feedback is inconsistent with observations.
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Figure 10. Terminus positions for the series of calving simulations with a relaxed domain. (a) Mean terminus positions when
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and (c) when the basal rises have been moved 250 m upstream prior to the relaxation and the transient experiments.
Typically, glaciers rapidly stabilize following a velocity perturbation (e.g., Benn et al., 2026; Bézu & Bartho-
lomaus, 2024; Fried et al., 2018). Therefore, dynamic responses predicted by the VM function should be regarded
as a potential model artifacts and treated with caution.
4.3. Calving Stability Dictated by Local Geometry
Previous studies have suggested that calving is dictated by geometry through local changes in the stress field
(Benn et al., 2023; Todd et al., 2018; Wheel, Crawford, & Benn, 2024). Despite this, rate-based calving functions
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have remained the mainstay of ice-sheet and glacier modeling. This study produces evidence that full-thickness
calving is governed by the position of regions of high tensile stress, and so terminus locality is independent of
velocity. In our simulations with the CD function, increases in the velocity field made no difference to the stable
terminus position (Figure 5), while changes in the basal or lateral geometry led to a predictable shift in the stable
terminus position (Figures 6 and 7).

The historical confusion over the driver of calving rates stems from the difference between calving volume and
terminus location. If the terminus is stable, the calving rate scales directly with terminus velocity as calving occurs
at some point beyond the stabilization location. This can be seen in the total calving volume of the last 50 days of
the velocity experiments where the gradient of the total calving volume directly relates to the prescribed inflow
boundary condition (Figure 5c¢). Simply, the calving rate equals the rate of ice delivery to the pinning point.
However, this relationship has overshadowed the key driver of where the terminus stabilizes, which is illustrated
through the first half of the stability inflow velocity simulations (Figure 5c). The stabilization of the terminus is
purely dictated by local geometry and entirely independent of the velocity field. Without this component of the
calving function, it is impossible to model calving with any form of certainty as the terminus cannot transition
between dynamical states. The rate of calving during the transition to a stable state differs from the calving rate
once the glacier stabilizes. Rate-based calving functions can only model calving of one glacier state, which is
clearly seen in the relaxed experiments. In a longer-term relaxed simulation, when a seasonal inflow velocity is
applied, the independence from the velocity is less clear. These experiments illustrate the confusion about
whether calving is rate- or position-based process (Figure 10b). Neither the CD nor the VM function clearly
displays a seasonal signal. However, when the basal pinning points are moved the terminus should stabilize
further upstream and once stabilized, the calving rate becomes the delivery of ice to that location (Figure 10c).
The CD experiments transition to different stable locations based on the bed geometry. Conversely, the VM
function undergoes the same transient retreat for either setup. When a calving function imposes a calving state
onto the glacier, as the rate-based VM function does in our experiments, manual tuning is necessary to show
periods of transitions and so are not appropriate for any future projections. We therefore recommend that any
continuum calving model use a position-based calving function.

4.4. Seasonal Mélange Does Not Alter Stable Terminus Positions

Another debate about calving dynamics is the possibility that a mélange backstress can stabilize the terminus. A
prevalent view is that the position of glacier fronts reflects the balance between summer and winter influences on
the calving rate; that is, melt-undercutting causes summer retreat and a cessation of melting and the presence of
mélange causes winter advance. According to this view, changes in the balance between melting and mélange
backstress will result in changes to the mean annual position of the glacier. This view is well illustrated through
the argument by Joughin et al. (2020) that the recent stabilization of Jakobshavn Isbrae's (Sermeq Kujalleq)
frontal position was due to the renewed presence of strong winter mélange. However, Wheel, Crawford, and
Benn (2024) found that Jakobshavn Isbrae (Sermeq Kujalleq) stabilized at the same position, which related to
basal pinning points, regardless of the seasonal ice mélange. Here, we have shown that, when present, the mélange
allows the glacier to advance beyond a stable position through the suppression of calving, producing a lower
calving rate. When removed, the glacier returns to the same stable position regardless of the magnitude of the
mélange backstress (Figure 8). Stronger mélange backstress suppresses serac (<10° m?) and small full-thickness
events (10® m?). By allowing a greater advance, a stronger mélange backstress leads to more full-thickness
calving events when removed as the terminus rapidly retreats to a stable position.

Even over the multiyear relaxed experiment seasonal mélange cannot alter the location of stable terminus po-
sitions (Figure 10a). The summer stable terminus position is unaffected by the presence of winter mélange.
However, it is likely that prolonged mélange presence may allow the glacier to readvance downstream to a new
stable position although to date no clear observational evidence has been provided for this.

4.5. Calving Is a Stabilization Process

One of the major considerations when producing glacier simulations is the model spinup procedure. In simula-
tions of real-world glaciers, domain relaxations are often undertaken to remove any potential mismatches between
the domain and glacier flow solution. Relaxation of a domain potentially alters the calving directly though
changing the glacier geometry or indirectly through modification of either the velocity or stress field. Unrelaxed
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geometries can potentially be criticized for being unphysical. However, regardless of whether a geometry could
exist in the natural world, a useful calving function should return this domain to stable geometry at least in terms
of calving. For example, Ma et al. (2017) showed that glaciers lie within a narrow stability envelope when
considering terminus thickness and water depth. Whatever the method of implementation of the calving function,
unstable domains should calve back to stable positions irrespective of the initial conditions (or if stable positions
are not present undergo self-sustained retreat). Regardless of whether the domain had been relaxed or not, the CD
function transiently retreated to a location and glacier geometry that supported its stabilization (e.g., Figures 6 and
10). On the other hand the VM function prescribed a retreat which was either exacerbated or reduced by glacier
dynamics but did not stabilize. Furthermore, the VM function did not respond directly to changes in external
geometry which is known to stabilize calving (e.g., Benn et al., 2023, 2026; Bevan et al., 2019; Wheel, Benn,
et al., 2024).

4.6. Comparison of Rate- and Position-Based Functions

In essence, the VM function is the ratio between terminus velocity and 6. Our results indicate that for a typical
Greenlandic glacier, a defined increase in velocity corresponds to a greater increase in &, producing a higher
calving rate for higher terminus velocities. A detailed look at the 3D stress field showed the increase in & is driven
by a higher magnitude of tensile stretching at the terminus. Since the CD function is tensile-stress based it seems
intuitive that it would display a similar pattern, as higher terminus velocities produce a higher value of tensile
stress. Yet it does not, as the distribution of the stress field remains broadly similar regardless of its magnitude.
Consequently, the location of tensile stress (used to determine the position of the terminus post-calving), remains
unchanged. The distinction between how the stress field is treated differently by the CD and VM functions
perfectly summarizes how the choice of rate- or position-based function effects the modeled calving. In both
functions changes are driven by the tensile stress, but the calving outcomes are substantially different.

Whilst the CD function responds as expected to changes in the topography, the VM function displays no change.
Furthermore, there is no evidence to suggest that velocity-calving feedback displayed by the VM function exists
in reality. Instead this feedback is a non-physical response which is entirely implausible and often misinterpreted
as a shift in calving dynamics (e.g., Choi et al., 2018; Akesson et al., 2022). For example, it is easy to model a
situation where higher melting leads to higher terminus velocities. Using the VM function, calving would sub-
sequently increase in what seems like a dynamic response even if the glacier was strongly pinned on a bed rock
ridge.

4.7. Assessing Calving Functions

We have shown that calving rates vary over the course of a simulation and argue that this creates a source of
confusion in the debate about the “best” calving function for use in ice-sheet models. Consequently, more effort
should be made to assess the quality and applicability of the current range of calving functions in use. To better
understand and constrain which calving functions are of use to large-scale ice-sheet simulations, we must first
establish protocols to guide how a calving function can be assessed. Traditionally, calving functions are assessed
by comparing tuned model results to the time taken for the glacier front to move from position A to position B
(e.g., Choi et al., 2018) or to a steady state (e.g., Wilner et al., 2023). However, this method risks overfitting
inappropriate functions, and takes no account of whether the calving function mirrors (on any level) how calving
responds to changes in glaciological and environmental conditions. As an alternative to this fitting procedure, we
propose three standards to assess the performance and usefulness of a given calving function:

1. The calving function accurately represents the calving styles of the domain,

2. Calving responds to forcings as theory dictates, capturing both stabilization and transitions in glacier dy-
namics, and

3. The calving function can be easily implemented and adapted for different models.

Standard 1) reflects the need for calving functions to be able to span a variety of calving styles associated with
different glacial systems. For example, a calving rate function might represent the terminus movement of a
tidewater glacier through continuous serac calving at some prescribed rate, whereas a glacier may calve back into
a situation where the stability conditions change dramatically, and a transition to full-thickness calving occurs.
Standard 2) is potentially the most useful when considering the ability of a calving function to replicate calving
processes. It is important to evaluate that known responses to forcing are simulated by the calving function, for
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example, dynamic thinning leads to an increase in buoyant calving. This standard is important to prevent
overfitting to a given glacier system or time period. Finally, the calving function must be able to capture the
transitions of the glacier between stable states rather than needing to be adjusted in order to allow the glacier to
retreat or advance. Standard 3) assesses whether the function can be universally implemented by different
modeling groups for easy comparison.

Assuming a calving function can meet standards 1 and 2, it can be calibrated to match observed behavior,
increasing confidence that any changes in internal or external forcing will be accurately reflected in future calving
projections. If a calving function meets standard 3 as well, it can then be widely used for model intercomparison
projects and climate models.

The CD function is frequently criticized for the lack of penetration of the modeled crevasse field especially when
using an SSA-style model. It is important to note two principles of the function. First, the CD function does not
physically represent the crevasse field and the term “crevasse” only refers to the envelope of extensional stress
where crevasses could form. Second, the zero-stress criterion is entirely arbitrary as the model has no memory.
Instead, the CD function serves as a method of parameterizing a stress field to predict calving in a continuum
model. The CD function is also capable of simulating calving on grounded and ungrounded ice (e.g., Todd
et al., 2018; Wheel, Benn, et al., 2024) including the tidewater glacier experiments presented here (Figure 1c).
Newer modifications of the CD function such as the assessment of the horizontal force balance (e.g., Buck, 2023;
Slater & Wagner, 2025) produce deeper crevasses, especially for ice shelves. However, the horizontal distribution
of the stress contours will remain relatively unchanged when the zero-stress criterion is replaced with a tensile ice
strength. Importantly, these methods predict where crevassing is occurring and not the rate of calving, so in the
context of this paper fall under the category of position-based calving. Further advances include the addition of
stochastic element as part of the CD function, which could serve as a solution for implementation at ice shelves
where stresses are lower than thresholds observed for tidewater glacier setups like that presented here (Benn
et al., 2026).

It is important to reflect on whether it is realistic for a simple calving function to replicate the complex calving
processes to such degree as to never need any manual adjustment. This was previously the aim and proposed
benefit of using the CD function in a 3D Stokes model for simulations at Store Glacier (Sermeq Kujalleq) (Cook
et al., 2022; Todd et al., 2018, 2019). However, Wheel, Crawford, and Benn (2024) found that for Jakobshavn
Isbrae (Sermeq Kujalleq) some adjustment to the calving criterion was required. We propose this form of
adjustment of a calving function should be described as “calibration” and should remain constant between glacier
states and locations. Calibration should act only as a method to overcome some of the missing processes not
included within the simple calving function. This is distinct from “tuning” of calving function which we define as
the manual adjustment of a calving function to fit a given glacier state or location.

5. Conclusions

We show the crevasse-depth calving function (a leading position-based calving function) can reproduce multiple
calving styles from small serac events to large full-thickness calving for a typical Greenlandic glacier. By
changing the ice freeboard of a synthetic tidewater glacier or changing submarine melting, the crevasse-depth
function correspondingly shifts the relative proportion of serac calving to full-thickness calving. Furthermore,
the crevasse-depth function can distinguish between transient and stable glacier calving states. On the other hand,
the von Mises calving function (a leading rate-based calving function) displays uniform calving rates despite
changes in topography or ice freeboard that are known to alter calving dynamics. Concerningly, the von Mises
function displays a calving rate-velocity feedback, which is entirely unphysical and often misattributed as a
dynamic calving response.

Using the crevasse-depth function, calving rates are shown to vary through time and are highly dependent on local
geometry or glacier state. Calving functions must be position-based for future projections where the future state of
the glacier is unknown. The rate-based function tested could not detect shifts between stable locations where
calving is velocity independent. Our results indicate, rate-based functions can only replicate the calving dynamics
they have been tuned to match. Calving rates are not uniform with time or glacier state.

Currently, methods for assessing calving functions are inadequate. Simple comparison of tuned model results
with observed “calving rates” is not a true validation of the merits of a given calving function, but rather should be
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reserved only for a calibration to account for missing processes. Instead, calving functions should be more
rigorously assessed using the proposed standards that (a) a calving function should accurately represent the
calving styles of the domain, (b) capture stable and transient states and (c) be easily implemented. Simply, calving
functions should be able to account for the key physical processes that drive calving and in doing so shifts in
calving dynamics and rates will naturally emerge.

Appendix A: Synthetic Glacier Setup

The synthetic glacier is taken from Wheel, Benn, et al. (2024). It extends 5 km upstream from the calving front
and has a terminus width of 3 km (Figure 1). The domain has narrowing margins and two basal rises near the
terminus. Both are moved in the upstream in the geometry experiments (Figure 1le). Each simulations runs for
100 days at one day timesteps. Throughout the simulations, the domain mesh maintains a vertical and horizontal
resolution at the terminus of 50 m producing a high resolution domain. The horizontal resolution increases to
500 m at the inflow boundary. For the simulations using the crevasse-depth (CD) function, the 2D PlanMesh has a
resolution of 40 m. The control domain has the formulation

By, (x,y) = Depth + WidthDepth + Bumpl + Bump?2 + Rise, (A1)

where

Depth(y) = By + ymy,, By = =550, (A2)

— 2500
WidthDepth(x,y) = m x 400, (A3)
5

(x — 1800)* + )2

- )2, H, =100, r, =550, (Ad)

Bumpl1(x,y) = exp <H,, X

L G- 3000)* + y?

Ty

Bump?2(x,y) = exp <H,, )2, H, =100, r, =550, (A5)

Rise(y) = exp (H[ x _l—y>2 H, =100, , = 1000, (A6)
t

and where By, is the bedrock height in meters, my, is 1/40 the gradient of the bed, x is the x coordinate, y is the y
coordinate and B, is the bed height at y = 0. For the bumps, H, is the height of the bump and 7, is the radius of
bump. The surface geometry is given by

Sh()’) = SO + ymy, S() = 507 (A7)

where S, is the surface height and m; is 1/40 the gradient of the surface.

Al. Boundary Conditions

The synthetic glacier domain featured six boundary conditions: the calving front of the glacier (Ffmm), the two
lateral margins (I and Iyigy), the interior inflow boundary (Fiyfiow ), the glacier base (I, ), and the top surface
(Tguet)- A no-penetration condition is implemented at the lateral margins of the model domain (I'ies, righ) Since
these represent the fjord walls. A simple linear friction law was imposed as a Neumann boundary condition, using
a constant slip coefficient (8) of le—2 MPa m™' a~'. Consequently, the lateral boundary conditions are

u; =0, on Flet‘nrrighu (A8)

o) = _uHﬁs on Iﬁleft’rrightv (A9)
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where u denotes the velocity component and ¢ the stress component, with L and || indicating the normal and
tangential directions, respectively. A non-linear Weertman friction law is applied at the glacier base, using a slip
coefficient of le—4 MPa m~"3 a='/3 and an exponent of 3. The basal boundary condition is further complicated
by the glacier's grounding line dynamics, which are treated as a contact problem following the approach of (Favier
et al., 2012). When the glacier is grounded, the boundary condition resembles that of non-linear sliding, with a
non-penetration constraint enforced, so

u = 0, on Dpase, (AIO)

oy =Cu)™,  on Ty, (A11)

where C is the Weertman slip coefficient, u, is the basal velocity and m is Weertman exponent. When the glacier
is ungrounded, friction is absent, allowing free vertical motion, so

o, = min(—p,,gh, 0), on Tyuees (A12)

0 =0, on pyees (A13)

where p,, is the density of the water, g is the gravitational acceleration and 4 is the depth below the water level. As
with ungrounded ice, no friction is applied at the glacier's calving face. However, because it is in contact with the
fjord water, a normal stress is imposed below the waterline.

o = min(_pwgh7 O)a on Iﬁlel'm7 (A14)

o =0, on Tierm- (A15)

The inflow boundary has a fixed velocity of 1,000 ma~! for the control experiments, which is assumed to be
constant throughout the vertical ice column, such that

|ll| = Ujp, on 1—‘linﬂowa (A16)

where u is the velocity vector and u;, is the inflow velocity. The surface boundary condition is stress-free. A
submarine melt condition is applied at the glacier front boundary (or calving front, I'i..,,), where a central plume
and background melt are present (Figure 1b). The plume is based on summer plume simulations by Kajanto
et al. (2023) for Ilulissat Fjord. To adapt it to the synthetic domain-where the maximum flow velocity is 1,500
ma~', significantly slower than the 10,000 ma~" observed at Jakobshavn Isbrae (Sermeq Kujalleq) - the plume
profile was normalized. The maximum plume melt was set to 500 ma~", and the profile scaled accordingly. No
melt was applied to the underside of the floating ice.

Appendix B: Calving Size Frequency Distributions

Populations of icebergs can be expressed using generic fragment size distributions (;\str'dm etal., 2021). This can
be expressed as

n(S) = 1S % exp(=S/S1) + ¢, exp(=S/S,) (B1)

where a is derived from the universal fracture processes in elastic-brittle materials, # is the relative abundance of a
size-interval (S), ¢; and ¢, are constants, and the characteristic size intervals of a specific fracture process is
defined by S| and S,. The first term of the right hand side of the equation generates to a power law distribution that
can describe serac calving size distributions and the second term produces an exponential distribution which
characterizes the distribution of full-thickness calving events (Benn et al., 2026; Astrom et al., 2021).
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